In Thailand, the harvesting season for sugarcane usually begins in November and ends the following May. At the beginning of each harvesting season, the Royal Thai government sets the price of two types of sugarcane, namely fresh and fired, based on sweetness (sugar content) and gross weight of sugarcane delivered to the sugar factories. The aim of the present research is to determine optimal harvesting policies for the two types of sugarcane in sugarcane producing regions of Thailand in order to maximize revenue and minimize harvesting cost. In this paper, a harvesting policy is defined as the amount of each type of sugarcane harvested and delivered to the sugar factories during each 15-day period of a harvesting season. Two optimization methods have been used to solve this optimization problem, namely the ε-constraints method and a quasi-Newton optimization method. In the ε-constraints method, the problem is considered as a bi-objective optimization problem with the main objective being to determine harvesting policies that maximize the total revenue subject to upper bounds on the harvesting cost. In the quasi-Newton method, the aim is to determine the harvesting policy which gives maximum profit to the farmers subject to constraints on the maximum amount that can be cut in a 15-day period. The methods are used to determine optimal harvesting policies for the north, central, east, and north-east regions of Thailand for harvesting seasons 2012/13, 2013/14, and 2014/15 based on the data obtained from the Ministry of Industry and the Ministry of Agriculture and Co-operatives of the Royal Thai government.
Introduction
The sugarcane industry is one of the major agro-industries in Thailand; it is important to the Thai economy because sugar is one of the top five agricultural products that the country exports. It helps create income of approximately 180 billion baht a year [1] . A survey in 2018 reported that Brazil is the largest sugarcane producing country followed by India and the EU [2] . Thailand is the world's 4th largest sugarcane producer and produced about 100, 103.5, and 106 million tonnes of sugarcane in 2012/13, 2013/14, and 2014/15, respectively [3] . Sugarcane is grown in the north, central, east, and north-east regions of Thailand. The north-east region has the largest growing area and production [4] . In 2013/14, the north-east region produced 45 million tonnes of the total of 103.5 million tonnes of sugarcane produced in the country, the north, central, and east regions producing 24, 30, and 4.5 million tonnes, respectively.
Since 1992/93 the Commercial Cane Sugar (CCS) System has been used as the main sugarcane trading system in Thailand [5] . In this system, the Royal Thai government determines the price of sugarcane for each of the four regions in the country based on two main factors of weight and quality. The quality is considered as a sweetness or CCS, where CCS means the percentage of sucrose produced from a tonne of sugarcane. The government determines the price of sugarcane in each region by combining sweetness and weight, where a "standard sweetness" is counted as 10 CCS. Generally, the level of sweetness and the price of the sugarcane increases during the harvesting season. Before the sugarcane is harvested by a farmer, a sugar factory will carry out a randomized check of CCS value. If the value lies above a standard value of 10 CCS, then that factory will accept the sugarcane from that farm immediately. However, a farmer might delay harvesting if they expect that they will obtain more revenue by waiting for their sugarcane to increase in value.
Many researchers have studied planning models for sugarcane farming using a variety of optimization methods. In this paper, we will compare results obtained from bi-objective and quasi-Newton optimization methods. Some examples of the use of the bi-objective optimization method are as follows. In 2012, Gomes [6] studied a bi-objective mathematical model for choosing sugarcane varieties which have a harvest biomass residual for use in electricity generation. The bi-objective optimization model was to maximize the revenue from sale of the generated electricity and to minimize the cost of harvesting the residual biomass. In 2016, Sungnul et al. [7] studied a multi-objective optimization model to find an optimal time of harvesting for sugarcane growers in the north-eastern region of Thailand. The aim of this work was to help farmers to find the optimal harvesting time in order to maximize the revenue and to minimize the cost. Sungnul et al. [8] used the ε-constraints method to solve the mathematical model by choosing the revenue as the objective function and the costs as constraints. In 2017, Sungnul et al. [9] extended the work in [7] to find the optimal harvesting times for all of the four regions of Thailand.
Quasi-Newton optimization methods are a well-known method of optimization that have been used for many years to find optimal solutions for problems in many areas of science, finance, and industry (see, e.g., [10] [11] [12] ). However, as far as the authors are aware, they have not previously been applied to the problem of optimizing sugarcane harvesting in Thailand.
In this paper, we will use the bi-objective and quasi-Newton optimization methods to determine optimal harvesting policies to maximize profit to the farmers in the four sugarcane producing regions (north, central, east, and north-east) of Thailand for harvesting seasons 2012/13, 2013/14, and 2014/15. We will consider a harvesting policy for a given type of sugarcane for a given region for a given harvesting season as the amounts of the given type harvested each 15-day period during the harvesting season. For this work, we will use the data obtained from the Ministry of Industry (Office of the Cane and Sugarcane Board: OCSB) and the Ministry of Agriculture and Co-operatives of the Royal Thai government. We will first develop mathematical models of sugarcane harvesting and then use the bi-objective and quasi-Newton optimization methods problem to maximize the revenue and minimize the harvesting cost.
Mathematical models
In general, farmers harvest sugarcane of two types, namely fresh or fired. The main difference is that fired sugarcane is burnt to remove leaves before it is cut so that it can be cut manually by workers. Fresh sugarcane is usually cut by machines which can remove the leaves as they cut.
In this paper, we consider harvesting of the two types of sugarcane (fresh and fired) in four regions of Thailand (north, central, east, north-east) for three crop years (2012/13, 2013/14, 2014/15). We will use the notation: A for fresh and B for fired sugarcane, j = 1 for north, j = 2 for central, j = 3 for east, j = 4 for north-east. The mathematical model for maximizing profit from sugarcane harvesting can be written as
where J[u] is the optimal profit functional to be maximized by selecting the control variable u(t), which is the rate of cutting sugarcane at time t. Also, P(t, x(t), u(t)) is the profit for sugarcane cut at time t (baht/day), x(t) is the total amount of sugarcane (tonnes) on the farms in a region at time t, u max is the maximum rate of cutting sugarcane (tonnes/day), a is the total amount of sugarcane on farms at time t 0 (tonnes), t 0 is the initial time at the start of harvesting period (day), t f is the final time at the end of harvesting period (day), r is the rate of change of weight at the initial time t 0 (tonnes/day), and K is a constant in the logistic growth function which represents the carrying capacity of the farms (tonnes) in the absence of cutting. In order to solve the model in Eq. (1)-(3), it would be necessary to use optimal control (see, e.g., [13] ). However, to gain some insight into the sugarcane harvesting problem, we have simplified the optimization problem by assuming that the harvesting time can be divided into twelve 15-day periods starting at the opening of the sugar mills on November 16 and ending at the closing of mills on May 15 the following year. Also, since the growth of sugarcane is slow over the cutting period, we have simplified the discretized model considered in this paper by setting r = 0, i.e., we have assumed that there is no growth during the cutting period. The optimization problem for sugarcane harvesting for a given type of sugarcane in a given region of Thailand for a given crop year can then be stated as follows:
where k = 1 is the first 15-day harvesting period, k = 12 is final 15-day harvesting period, t k is the time (days) at the start of period k, x(k) is the weight (tonnes) of sugarcane remaining on the farms at the start of period k, u(k) is the weight of sugarcane cut in period k, u max is an upper bound on the amount of sugarcane that can be cut in a 15-day period, and a is the total amount of sugarcane on farms at the start of harvesting. Also, in calculating profits and costs for each 15-day period, we have assumed that the total cutting u(k) in period k is carried out at an average daily rate of u(k)/15 tonnes per day. The profit from sugarcane harvesting in a 15-day period is the difference between the revenue from the harvesting and the total costs of harvesting, i.e.,
where
is the revenue from the harvested sugarcane and C(k, x(k), u(k)) is the total cost of harvesting the sugarcane. In this paper, we solve the optimization problem in (4)- (7) using the bi-objective optimization method and a quasi-Newton optimization method. In the bi-objective method, the two objectives are to maximize the revenue and minimize the cost. In the quasiNewton method, the revenue and cost objectives are combined into the single objective of maximizing the profit.
Revenue from sugarcane selling [7]
There are three main factors determining sale price of sugarcane for a given region for a given crop year. These factors are type (fresh or fired), weight, and quality or CCS.
1. Revenue from weight of sugarcane: The basic price P w of sugarcane (baht/tonne) is fixed by the Royal Thai government for each crop year. This basic price is the same for all regions. However, farmers who sell fired sugarcane will be deducted 20 baht/tonne from the basic sugarcane price determined by the government each year. Then, at the end of harvesting for the year, factories in each region will share the total amount of money deducted from fired sugarcane sales in that region to farmers who sold fresh sugarcane at a rate not exceeding 70 baht/tonne of fresh sugarcane delivered, thus increasing the price per tonne of fresh sugarcane above the basic price. The actual price based on weight received by farmers for fired sugarcane is given by
where P w is the basic price of sugarcane (baht/tonne) based on weight set by the government. The actual price per tonne received by farmers for fresh sugarcane in a region j is then
where a j (A) is the total amount of fresh sugarcane (tonnes) from region j and a j (B) is the total amount of fired sugarcane (tonnes) from region j. 2. Revenue based on CCS: Each year, the Royal Thai government sets a basic price per tonne for sugarcane with 10 CCS. This price per tonne based on CCS is the same Note: -means that no sugarcane was delivered to the mills in that period.
for fresh and fired sugarcane. The actual price per tonne received by farmers is then adjusted if the CCS is different from 10. For sugarcane from region j harvested in period k, the actual price per tonne is given by
where P c is the basic price per tonne of sugarcane with 10 CCS set by the government, and y j (k) = CCS j (k) -10, where CCS j (k) is the average CCS from sugarcane in region j harvested in period k and the factor 0.06 is the rate of change of price per 1 CCS from the base level of 10. Therefore, the revenue RV j (k, A) (baht/tonne) from selling fresh sugarcane from region j which is harvested in period k is determined by adding Eq. (10) and Eq. (11) . We obtain
Similarly, we obtain the revenue RV j (k, B) (baht/tonne) from selling fired sugarcane by adding Eq. (9) and Eq. (11) .
The price and CCS data that we used in our optimization were obtained from the Office of the Cane and Sugar Board [14] [15] [16] . The real price data obtained from the OCSB for the four regions for the crop years 2012/13, 2013/14, and 2014/15 are shown in Tables 1-3 
Costs of production
The costs of production can be separated into (1) gathering cost and (2) maintenance cost.
Gathering cost of production
The gathering cost GC j (k, i) (baht/tonne) of sugarcane of type i = A or B from region j which is harvested in period k consists of a harvesting cost CF j (k, i) (baht/tonne) of sug- Note: -means that no sugarcane was delivered to the mills in that period. Note: -means that no sugarcane was delivered to the mills in that period. Note: -means that no sugarcane was delivered to the mills in that period.
arcane and a transport cost CT j (k, i) (baht/tonne) for delivering sugarcane to the mills. Note: -means that no sugarcane was delivered to the mills in that period. Note: -means that no sugarcane was delivered to the mills in that period.
Maintenance cost
We assume that the maintenance cost of sugarcane remaining on the farm is of the form CM j (k, i)x j (k, i), where CM j (k, i) is a maintenance cost (baht/tonne) of maintaining a farm if an amount x j (k, i) (tonnes) of type i remains on the farm in period k in region j. The total cost of production is then
In general, the costs defined above will be a function of the type of sugarcane and the time of harvesting. However, in practice, it is difficult to obtain these detailed costs, and we have therefore carried out the numerical simulations assuming that the costs are constant in each region. Examples of the cost data obtained from the OCSB for the crop years 2012/13, 2013/14, and 2014/15 are shown in Table 7 .
Bi-objective optimization
The ε-constraints method [8] was used to find the optimal patterns for fresh and fired sugarcane harvesting in the four regions of Thailand for the crop years 2012/13, 2013/14, and 2014/15. In this method, a multi-objective optimization problem is reformulated by choosing the most important objective to optimize while putting upper or lower bound ε-constraints on the other objectives. In this paper, we choose maximizing the revenue as the most important objective and put upper bounds on the total cost which we are trying to minimize.
Using the ε-constraint method, we solve the following bi-objective optimization problem for the two types of sugarcane for the four regions of Thailand for the three crop years:
subject to bounds on the second objective of the problem, which is to minimize the total cost of production of a given type in a given region in a given crop year. The condition equation (18) ensures that the total amount of sugarcane of type i harvested in region j in one year is equal to the amount of sugarcane of type i available. The condition equation (19) means that cutting in each period is non-negative and less than or equal to the total amount available. The constraint equation (20) means that the CCS of sugarcane that can be harvested must be greater than 6 (y j (k) = CCS j (k) -10).
Following the ε-constraints method [8] , we solved the bi-objective optimization problem in Eq. (16)- (20) for p values of ε r defined as follows:
where ε = UB-LB p-1
and LB and UB are lower and upper limits on ε r values defined as follows. LB is the minimum cost of cutting all sugarcane in one period using cost data for each period given in Tables 8-10 , UB is the maximum cost of cutting all sugarcane in one period using cost data for each period given in Tables 8-10 , p is the number of experiments. 
Quasi-Newton optimization
To obtain the results in this paper, we used the well-known quasi-Newton method (see, e.g., [10] [11] [12] ) to find the optimal harvesting policies from the model given in Eq. (4)- (7) for the two types of sugarcane for the four regions of Thailand for the crop years 2012/13, 2013/14, and 2014/15. The numerical results were obtained using the constrained optimization function fmincon in Matlab with the "active-set" algorithm selected. For these solutions, we used the price and cost data supplied by the OCSB that has been discussed in the Mathematical Models section. Also, as stated earlier after Eq. (4)- (7), we assumed that r = 0, i.e., no growth of sugarcane during the cutting season. For each type, region, and year, we have examined the effect of changing the values of the upper bound on the maximum cutting per period u max (tonnes per 15 days) and the effect of reducing the maintenance costs by a factor mcf (0 ≤ mcf ≤ 1) of the actual maintenance cost.
Results

Bi-objective optimization
In the bi-objective optimization, we assumed that it was possible to cut all of the sugarcane in one 15-day period. With this assumption, it was found that with the given prices and costs, the optimal harvesting policy was to cut all of the sugarcane in one 15-day period. The results for the optimal harvesting period for fresh and fired sugarcane in the four regions of Thailand for the three crop years 2012/13, 2013/14, and 2014/15 are shown in Tables 8-10 .
Quasi-Newton optimization
We first computed the optimal harvesting policy for the two types of sugarcane for the four regions for the three crop years assuming that it was possible to cut all of the sugarcane in one 15-day period. The results are shown in Figs. 1 and 2 for fresh and fired sugarcane for all four regions for the crop year 2013/14. It can be seen that, in agreement with the results from the bi-objective optimization, the optimal policy was to cut all sugarcane in one period.
We then computed the optimal harvesting policies if: (1) the maximum cutting in each period was bounded and (2) the maintenance costs could be changed, for example, by reducing the actual maintenance cost by a factor mcf (0 ≤ mcf ≤ 1) of the actual maintenance cost. Examples of the results are shown in Figs. 3 and 4 for the north-east region of Thailand for the crop year 2013/14. It can be seen that for the given price and cost data, the total profit to the farmers increases as the maximum possible cutting per period is increased. The reason for this is that the increase in maximum cutting per period means that more sugarcane can be cut in periods with the highest profits. The figures also show that the effect of reducing the maintenance cost of keeping uncut sugarcane on the farm by a factor mcf is to move the optimal cutting times to earlier periods. For example, if the maintenance cost is zero (mcf = 0), then with the given price and cost data, the optimal policy is to cut sugarcane as late as possible. If the maintenance cost is one quarter of the actual maintenance cost (mcf = 0.25), then the optimal policy is to cut in the middle of the cutting time. However, with the actual maintenance cost (mcf = 1), the optimal policy is 
Conclusion
In this paper, optimization models have been developed to obtain optimal harvesting policies for fresh and fired sugarcane in the four main sugar-producing regions of Thailand (north, central, east, and north-east) for crop years 2012/13, 2013/14, and 2014/15. Tables 11-13 show a comparison between the actual profits reported by the Office of the Cane and Sugar Board [14] [15] [16] and the optimal profits computed from the optimization models.
As shown in Tables 11 and 12 , the optimal profits computed from the bi-objective optimization model (fourth column) and quasi-Newton optimization models (fifth column) are greater than the actual profits for both fresh and fired sugarcane in all four regions in crop years 2012/13 and 2013/14. As shown in Table 13 , there was an actual loss (negative profit) from sugarcane production in all regions for all regions in crop year 2014/15. For 2014/15, the bi-objective model had no feasible solutions for the north and east regions for any value of ε because the costs of cutting exceeded the revenue for all 15-day cutting periods. It can also be seen from Tables 11 and 12 that the optimal profit estimates from the quasi-Newton method and the bi-objective are approximately the same for fresh and fired sugarcane for all regions and years. These results suggest that optimization of a single objective, in this case the profit, is a more effective method of optimization for the sugar cane harvesting model than the bi-objective method of maximizing the revenue subject to upper bound constraints on the cost. Table 14 shows the changes in optimal profit computed by the quasi-Newton method as the upper bound on the amount cut per period is varied with the maintenance cost fixed Table 11 Comparison of actual profits, optimal total profits, and optimal selling profits (×10 9 baht) of sugarcane harvested in each region for year 2012/13 (mcf = 0) Table 12 Comparison of actual profits, optimal total profits, and optimal selling profits (×10 9 baht) of sugarcane harvested in each region for year 2013/14 (mcf = 0) Table 13 Comparison of actual profits, optimal total profits, and optimal selling profits (×10 9 baht) of sugarcane harvested in each region for year 2014/15 (mcf = 0) Note: The -means that there is no optimal solution as profit is negative.
at one half of the actual maintenance cost (mcf = 0.5). It can be seen that the optimal profit increases as the upper bound on the amount cut per period is increased. The results presented in this paper clearly need further development before the model can be useful to farmers in planning their harvesting policies. One important problem with the present model is that there are constraints on cutting that have not been included, for example, constraints imposed by the factories or by the availability of workers. 
